Background Sonication and scraping of infected prostheses usually are used to improve diagnosis of prosthetic infections, reducing false negatives. Chemical methods that reduce biofilms also may allow higher levels of detection. Questions/Purposes We therefore asked: (1) Do dithiothreitol (DTT) and N-acetylcysteine (NAC) remove bacteria from biofilm formed on prosthetic materials? (2) Is bacterial recovery affected by differing DTT and NAC concentrations and incubation times? (3) Do treatments with DTT and NAC detach the same amounts of bacteria from biofilm on prosthetic materials as sonication and scraping? (4) Are these methods reproducible? Methods We treated polyethylene and titanium discs covered by biofilm formed by Pseudomonas aeruginosa and Staphylococcus aureus with DTT or NAC solutions at different concentrations for different times. We compared colony counts of S aureus, P aeruginosa, Staphylococcus epidermidis and Escherichia coli after treatment with NAC, DTT, sonication and scraping. We determined colony counts after treatment of biofilm formed by one strain of S aureus and one of P aeruginosa on five discs of each material analyzed on the same day and on five discs analyzed on five consecutive days. Results Mean colony counts (LogCFU/mL) obtained after treatment with 1 g/L DTT for 15 minutes (5.3) were similar to those after sonication (4.9) and greater than those obtaining by scraping (3.4) and treatment with 2 g/L NAC for 30 minutes (1.9). DTT and sonication showed good reproducibility. Clinical Relevance Our data suggest that treatment of prostheses with DTT may be a reasonable alternative to sonication to improve detection of biofilm-associated bacteria and supplement conventional laboratory culturing techniques for diagnosing periprosthetic infections.
Introduction
Prosthetic joint infections (PJIs) are one of the major causes of implant failure leading to pain, major disruption to patient's lives, repeated surgeries, and prolonged antibiotic therapies, occurring in 0.8% to 1.9% with an increase of as much as 20% for revision procedures The institution of one or more of the authors (LD, VS, ED) has received, during the study period, funding from Italian Ministry of Health. Each author certifies that he or she, or a member of his or her immediate family, has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. This work was performed at Laboratory of Clinical Chemistry and Microbiology, IRCCS Galeazzi Institute, Milan, Italy. [6, 14, 15, 21, 22, 24] . PJIs typically are caused by adherence of microorganisms onto the surface of a foreign body, which progresses to an aggregation forming a biofilm [9] .
A major problem for microbiologic diagnosis of these infections is that bacteria in a biofilm attach well to the surface of foreign bodies and to each other and resist detection by conventional methods [8] . Given a frequency of false negatives of 7% to 20% and sensitivity of approximately 40% to 70% associated with tissue cultures [3, 13, 30] , methods have been developed to dislodge the pathogens causing the infection from the biofilm [1, 3, 12, 13, 23, 30] . Sonication reportedly yields rates of successful bacterial recovery of 70% to 100% compared with 10% to 100% when scraping the prosthetic surface [3] and sensitivity of approximately 65% to 80% depending on prior antibiotic therapy [13, 30] . Combining vortexing and sonication has further improved an increase in sensitivity greater than 10% with respect to sonication only (78.5% versus 60.8%) [28, 29] . Routine diagnostic systems based on biochemical reactions may not accurately identify bacteria dislodged from implants by sonication. Escherichia coli, for example, reportedly forms microcolonies on agar plates characterized by different pigmentation and hemolysis and by inability to synthesize essential nutrients compared with planktonic isolates and reference strains [27] . Moreover, difficulties in managing large implants and the risk of their contamination during handling must be considered [29] .
N-acetylcysteine (NAC) is a well-known antioxidant thiol with antimicrobial properties, and given its ability to dissolve mucus, it is widely used in treating respiratory tract infections. NAC application reportedly decreases either biofilm formation by different bacteria or the production of extracellular polysaccharide matrix along with the removal of mature biofilm [19] . Dithiothreitol (DTT) is a strong reducing agent commonly used in chemical laboratories to reduce disulfide bonds and to maintain monothiols in a reduced state. It also acts as a protein denaturant, cleaving disulfide linkages between cysteine groups in proteins and peptide. For these reasons, DTT is widely used in microbiology laboratories for liquefying specimens from the respiratory tract. Moreover, it reportedly reduces staphylococcal biofilm [32] and thus may enhance detachment of bacteria from biofilms on prosthetic materials. We therefore reasoned DTT and NAC might be used to remove bacteria from prosthetic implants.
We asked the following questions: (1) Do DTT and NAC remove bacteria from biofilm formed on prosthetic materials? (2) Is bacterial recovery affected by differing DTT and NAC concentrations and incubation times? (3) Do treatments with DTT and NAC detach the same amounts of bacteria from biofilm on prosthetic materials as sonication and scraping? (4) Are these methods reproducible?
Materials and Methods
The experimental design of the study is summarized in Figure 1 . For the first and second questions, the number of colony forming units (CFU)/mL was calculated after treatment of 108 polyethylene (PE) and 108 titanium (Ti) discs covered by biofilm formed by six isolates of Pseudomonas aeruginosa and six of Staphylococcus aureus, with DTT and NAC solutions at different concentrations for different times (Fig. 2 ). All the bacteria used were isolated from PJIs and characterized by a strong production Fig. 1 The diagram shows the experimental design and the scope of the study. of biofilm, which was evaluated using a previously described spectrophotometric method [7] . As materials used in orthopaedic surgery have different affinities for bacteria [18] , we assessed discs with different compositions and surface roughnesses similar to those found in commonly used prostheses.
To obtain bacterial biofilms, PE and Ti discs, with a diameter of 20 mm and thickness of 6 mm (AdlerOrtho SpA, Milan, Italy), were placed in six-well polystyrene plates (CELLSTAR 1 Multiwell Plates; VWR International, Milan, Italy) containing 5 mL brain heart infusion broth and inoculated with approximately 1.2 9 10 8 CFU of bacteria per milliliter. After overnight incubation at 37°C, the medium was refreshed to remove nonadherent bacteria and plates were further incubated for 72 hours under the same conditions until a visible biofilm was formed. Then, each disc was placed in a sterile container with 5 mL sterile saline and gently mixed for 10 seconds. Discs then were transferred to another sterile container and the same procedure was repeated six times to remove the nonadherent bacteria. After washings, the discs were transferred to six-well plates and treated with 5 mL NAC or DTT solutions at different concentrations under agitation for 5, 15, and 30 minutes. NAC was tested at 1 g/L, 2 g/L, and 10 g/L, while DTT solutions were prepared at 0.5 g/L, 1 g/L and 5 g/L (Fig. 2 ). The total final count was performed by plating 0.01 mL and 0.1 mL from treated bacterial suspensions (after proper dilutions) on Mueller-Hinton agar plates (DASIT, Cornaredo, Italy) incubated aerobically at 37°C for 18 hours.
To compare removal of bacteria from prosthetic materials by different methods (Fig. 3 ), the number of CFU/mL was calculated after treatment with DTT, NAC, sonication, or scraping of PE (n = 600) and Ti (n = 600) discs covered by biofilm formed by six isolates of P aeruginosa, six of S aureus, six of Staphylococcus epidermidis, and six of E coli ( Fig. 4 ). Once biofilm was established as described above, PE and Ti discs were washed to remove nonadherent bacteria. Treatment with DTT and NAC consisted, respectively, of incubation with 5 mL of 1 g/L DTT or 2 g/L NAC solutions for 15 minutes and 30 minutes under agitation. The total final count was performed by plating 0.01 mL and 0.1 mL treated bacterial suspension (after proper dilutions) on Mueller-Hinton agar plates (DASIT) incubated aerobically at 37°C for 18 hours. Sonication was performed by transferring coupons onto sterile plastic containers with 5 mL sterile saline. The container then was sealed and immersed in an ultrasonic bath (VWR TM Ultrasonic Cleaner; VWR International). Sonication at 30 kHz with a power output of 300 W was performed at 37°C for 5 minutes. The resulting sonicated fluid was plated in 0.1-mL aliquots on Mueller-Hinton agar plates incubated as described above. We used a sterile surgical blade to scrape the whole surface of the disc. The blade then was transferred into a sterile tube containing 5 mL sterile saline, and after vortexing for 30 seconds, the total colony count was performed as described above.
Experiments to compare removal of bacteria from prosthetic materials by the different methods were performed in quintuplicate for each isolate (Fig. 4) .
To evaluate the intraassay reproducibility of each method, variation in colonies counts, expressed as coefficient of variation (CV%), was calculated after treating as described above, on the same day, five Ti and five PE discs covered by biofilms formed by one isolate of S aureus and one of P aeruginosa ( Fig. 5 ). Interassay reproducibility was determined by calculating CV% of colony counts obtained on five consecutive days after treatment of five Ti and five PE coupons covered by biofilm produced by one isolate of P aeruginosa and one of S aureus which were inoculated, as described above, on five consecutive days ( Fig. 5 ).
We used confocal laser scanning microscopy to confirm biofilm formation on PE and Ti discs and to evaluate removal of the adherent bacteria by the methods under comparison. Treated discs were stained with 0.4 mL SYTO 1 9 greenfluorescent nucleic acid stain, according to the manufacturer's description (LIVE/DEAD 1 BacLight TM Bacterial Viability Kits; Invitrogen, Milan, Italy), and 0.2 mL Film-Tracer TM SYPRO 1 Ruby Biofilm Matrix Stain (Invitrogen) for 20 minutes in the dark. The excess stain was rinsed twice with 0.4 mL distilled water. In addition, untreated biofilms formed by P aeruginosa and S aureus on PE and Ti discs were used as controls and stained as described above. Images were captured using a Leica TCS SP5 confocal microscope equipped with an ArgonPlus TM Ar ion laser, a diode laser, and an HCX PL APO CS 963 oil immersion lens (all from Leica Microsystems, Wetzlar, Germany). The excitation/ emission wavelengths were set such that the live stain (SYTO 1 9) appeared green at 488/500 nm and the extracellular polymeric substance-specific stain (SYPRO 1 Ruby) appeared red at 405/610 nm. We performed image analyses using ImageJ 1.43u (NIH, Bethesda, MD, USA) by adjusting output levels in the individual channels and assembling the images into image stacks for maximum projection. No other manipulation of the images was performed. Qualitative comparison of the images was performed by one of the authors (VS), blinded to the treatment used to remove bacteria, who randomly examined five microscopic fields per sample, comparing the presence of bacterial cells and biofilm matrix on treated discs with their respective controls.
Colony counts, expressed as log(CFU/mL), given by each method, were compared using one-way ANOVA, and multiple comparisons were performed by Bonferroni corrections. We used SAS 1 computer software (SAS Institute Inc, Cary, NC, USA) to perform the statistical analysis.
Results
Among the tested NAC concentrations, the highest colony counts (log(CFU/mL)) were obtained when a 2 g/L solution was used ( Fig. 6 ). Increasing incubation time from 5 to 30 minutes gradually led to an increment in bacteria removed (Fig. 6 ). For DTT, a marked increment in colony counts was observed by increasing DTT concentration from 0.5 to 1 g/L (p values ranging from 0.001 to 0.04), whereas only smooth increases in bacterial counts were obtained when DTT concentration was increased to 5 g/L (p values ranging from 0.19 to 0.76). In the same way, increment of incubation time from 5 minutes to 15 minutes led to an increase in colony counts, whereas minor changes were observed when incubation was prolonged to 30 minutes (Fig. 6 ).
Colony counts obtained after treatment with DTT, sonication, scraping and NAC of PE and TI discs are shown in Figures 7 and 8 , respectively. Dislodging of P aeruginosa from the biofilm formed on PE and Ti discs provided a similar yield for DTT and sonication (p = 0.665 and 0.431 for PE and Ti, respectively), whereas lower colony counts were observed after scraping and NAC treatment (p \ 0.001 for DTT and sonication versus scraping and NAC, PE and Ti discs). Counts of S aureus (log (CFU/ mL)) removed from biofilm by DTT were greater than those obtained after sonication (p = 0.014 for PE and 0.025 for Ti), scraping (p \ 0.001 for PE and Ti), and NAC (p \ 0.001 for PE and Ti). Similarly, colony counts for S epidermidis were greater after DTT treatment than after sonication (p = 0.002 and 0.017 for PE and Ti, respectively), scraping (p \ 0.001 for PE and Ti) and NAC treatments (p \ 0.001 for PE and Ti). The number of E coli colonies obtained after sonication and DTT were similar (p = 0.216 and 0.158 for PE and Ti, respectively) and greater than counts found with scraping and NAC (p \ 0.001).
The numbers of retrieved bacterial cells were similar (p = 0.991) with PE and Ti.
Confocal laser scanning microscopy images showed the presence of few bacterial cells (stained green) on DTTtreated discs compared with controls, while no appreciable biofilm matrix (stained red) was present ( Fig. 9A-B ). After sonication, biofilm matrix was still present, but fewer bacteria were present compared with controls ( Fig. 9C-D) . When disc surfaces were scraped, biofilm matrix and some bacteria were still evident ( Fig. 9E-F ). Discs treated with NAC did not show any biofilm matrix, whereas bacterial cells not removed by NAC were still present ( Fig. 9G-H) .
Treatment with NAC had highest intraassay and interassay variabilities with CV%s ranging from 1.2% to 7.4% ( Table 1) . DTT treatment and sonication had intraassay and interassay CV%s less than 4.0%.
Discussion
Recovery of the infectious microorganisms is essential to the selection of appropriate antimicrobial therapy to treat PJIs. Currently, isolation of a pathogen by culture from at least two separate tissue or fluid samples is considered one of the standard criteria proposed for defining a PJI [20] . However, the sensitivity of the culture method often is affected by previous use of antibiotics, sampling errors, inadequate amounts of vital bacteria retrieved, and inappropriate transport. Another problem the microbiologist faces is that the presence of bacteria in the biofilms makes them difficult to remove with traditional sampling techniques and subsequently to cultivate and identify. Sonication of explanted implants has notably improved sensitivity of microbiologic diagnosis of PJIs by dislodging bacteria from biofilm adhered to prosthetic surfaces, as documented in numerous studies [1, 4, 12, 13, 23, [28] [29] [30] . Since NAC exerts activity against bacterial biofilms [2, 10, 16, 26, 33] , we presumed NAC and DTT could be used to remove bacteria from a prosthetic biofilm. We asked the following questions: (1) Do DTT and NAC remove bacteria from biofilm formed on prosthetic materials? (2) Is bacterial recovery affected by differing DTT and NAC concentrations and incubation times? (3) Do treatments with DTT and NAC detach the same amounts of bacteria from biofilm on prosthetic materials as sonication and scraping? (4) Are these methods reproducible?
We acknowledge limitations to our study. First, we evaluated four species, S aureus, P aeruginosa, S epidermidis, and E coli, and we did not include fastidious bacteria, such as the Haemophilus species, which has been reported as a frequent cause of PJIs [5] , or anaerobic bacteria. S aureus and S epidermidis were chosen because they had been used in similar studies [4, 13] , being the most frequent pathogens involved in PJIs and known biofilm producers, whereas P aeruginosa and E coli were chosen as representative of gram-negative bacteria able to produce biofilm. Second, we used an in vitro model of bacterial biofilm, which could not fully reflect conditions occurring on clinical samples. Third, we used only confocal laser scanning microscopy to determine whether the bacterial counts could be confirmed by imaging and we used no other quantitative analyses. Our choice mainly was because the primary issue of the study was to verify whether treatment with DTT or NAC could be used in a clinical laboratory for diagnosis of PJIs. Finally, we evaluated two materials (PE and Ti), not including bone cements loaded with antibiotics. The characteristics of bone cements, such as roughness and porosity, reportedly influence biofilm formation on antibiotic loaded cements and also influence antibiotic release [11, 25, 31] . Moreover, previous studies suggest sensitivity of methods used to remove bacteria from prosthetic implants decreased in the case of previous antibiotic therapy [12, 28] . Therefore it is possible that removal of bacteria from clinical specimens might be less than that observed in our study. However, this is a pilot comparative study to evaluate if treatment with sulfhydryl compounds may be useful to remove bacteria from prosthetic materials for diagnosis of PJIs and a clinical comparative trial obviously is needed. We chose concentrations and length of treatment with DTT and NAC after preliminary studies in which different conditions were assessed to find those giving the highest yield, measured as bacterial colonies grown on agar plates after each treatment. Concentrations and length of treatment with DTT and NAC were chosen in the first phase of the study when different conditions were assessed to find those giving the highest yield, measured as bacterial colonies grown on agar plates after each treatment. We decided to assess two NAC concentrations lower and one similar to or even greater than the mean inhibitory concentration of the tested strains (6-48 g/L for P aeruginosa and S epidermidis, 12-48 g/L for S aureus and E coli). Increasing NAC from 1 to 2 g/L led to an improvement in bacterial recovery, whereas the highest concentration did not notably increase bacterial counts, probably because it affected viability of isolates with the lowest mean inhibitory concentrations. Instead, prolonging incubation until 30 minutes seemed to improve bacterial recovery, but we decided not to test longer incubations, as longer incubation times may represent a limitation for a method which should be used in clinical laboratories. In the same way, an increase in DTT concentration from 0.5 to 1 g/L led to improvement in bacterial recovery, which was not further ameliorated by the highest concentration. Therefore we decided to use 1 g/L to decrease the risk of toxicity of greater amounts of DTT. Moreover, this concentration (1 g/L) is used routinely for liquefying respiratory specimens for diagnosis of respiratory tract infections. As we did not observe notable increases in bacterial counts when we prolonged incubation to 30 minutes, we decided to use 15 minutes to save time.
We found that treatment with DTT provided a greater bacterial recovery rate than those obtained with NAC treatment and scraping and similar to that observed with sonication. Sonication was capable of detaching more bacteria than the NAC and scraping methods, thus confirming the usefulness of this method reported in clinical studies [4, 12, 23, [28] [29] [30] . Some studies [2, 10, 16, 26, 33] have shown that NAC alone or in combination with other compounds has strong activity against bacterial biofilm, and the mechanism involving the disruption of biofilm may induce the susceptibility of bacteria during antibiotic therapies [2] . The concentration of NAC we used was chosen to avoid any possible interference in bacterial growth by NAC and was less than the minimum inhibitory concentrations of the tested strains (6-48 mg/mL for P aeruginosa and 12-48 mg/mL for S aureus). NAC treatment produced a lower bacterial recovery in comparison with the other methods, whereas confocal laser scanning microscopy showed less biofilm than untreated samples, suggesting the activity of NAC may be limited to reduce biofilm matrix. Data regarding the effectiveness of scraping to dislodge bacteria from biofilm are scarce and contrasting. In one clinical study, scraping was better than conventional methods, such as culture of periprosthetic soft tissues, as a diagnostic tool [17] . In an in vitro study comparing scraping with sonication, the latter allowed the highest bacterial recovery [4] . Our data confirm this observation, although its technical simplicity makes it easily applicable for most laboratories. It has been reported biofilm cells recovered by scraping are not capable of growing on agar plates [9] , which could explain the low amount of bacteria recovered in our study.
We found limited data regarding reproducibility of methods used to dislodge bacteria from prosthetic implants [4, 13] . Our data suggest that sonication and DTT treatment seem to provide reproducible bacterial counts, whereas high variability was observed for NAC and scraping. In the study of Bjerkan et al. [4] comparing sonication with three different scraping methods, groups of 10 discs of Ti and steel inoculated with the same strain were assessed and the rate of successful bacterial recovery was calculated. Sonication was associated with the highest rate, with 100% of positive cultures of S aureus, as observed in our study for all the methods tested. Bjerkan et al. reported only range of bacterial counts, not means and SDs, therefore it is not possible to compare their data with ours. Kobayashi et al. [13] reported means and SDs of bacterial counts after sonication and vortexing from which we extrapolated a CV% of approximately 2%. This value is less than the interassay variability we observed for S aureus, ranging from 2.8% to 3.5%, whereas it is greater than our intraassay CV% of 0.5% to 0.8%.
The major advantages of DTT treatment are the ease of use, the reduced risk of contamination as it does not require excessive manipulation of the specimen and the limited costs required, although this treatment requires better evaluation by assessing clinical samples. Although our work allowed insight into bacterial recovery from biofilm of some of the most common pathogens associated with PJIs, further evaluation of various other pathogens involved in orthopaedic infections is needed.
Treatment with DTT might provide a useful adjunct to the decision-making process when confronted with implant removal associated with PJI, and in terms of a clinical perspective, it may provide additional support to conventional laboratory culturing techniques for the diagnosis of PJIs. A large clinical trial is needed to determine whether DTT treatment can become a standard technique. 
